Radiographical and pathological disease burdens have an impact on clinical outcomes in lung cancer. Primary tumour dimension is associated with survival in early-stage and locally advanced non-small cell lung cancer (NSCLC) ([@bib2]). Indeed, recognition of the prognostic relevance of this factor is evident in the 7th edition of AJCC/UICC NSCLC staging ([@bib8]). Whereas up until that version the only primary tumour size consideration was a diameter cutpoint of 3 cm (distinguishing between T1 and T2, corresponding to clinical stages IA and IB in the absence of lymph node involvement or distant disease), the recently adopted 7th edition also incorporates thresholds of 5 cm (stage IIA) and 7 cm (stage IIB). Primary tumour diameter is also a well-established indication for the administration of adjuvant chemotherapy for stage-I NSCLC, presumably because of the greater risk associated with larger tumours. Stage-IB tumours \>4 cm derive a benefit from adjuvant chemotherapy, whereas smaller tumours do not ([@bib20]; [@bib26]). In stage-III NSCLC, tumour volume is an independent predictor of overall survival (OS) ([@bib4]; [@bib18]). Additionally, the size of involved lymph nodes in this population has been identified as a prognostic factor ([@bib1]).

In other malignancies, radiographic and clinical tumour burdens are also prognostic in the advanced disease setting. In ovarian cancer, debulking surgery that achieves a combined residual tumour measurement of less than 1 cm is associated with improved progression-free survival (PFS) and OS ([@bib30]; [@bib29]). In metastatic renal cell carcinoma, the proportion of tumour burden removed at debulking nephrectomy is associated with PFS ([@bib3]). In stage-III Hodgkin\'s lymphoma (that is, multiple lymph node groups on both sides of the diaphragm), numbers of disease sites and size of mediastinal mass are prognostic features ([@bib21]). In non-Hodgkin\'s lymphoma, the numbers of nodal and extranodal sites of disease are associated with survival, independent of stage, and are incorporated into standard prognostic indexes ([@bib23]; [@bib25]).

Despite extensive analyses of tumour dimensions in stages I--III NSCLC, as well as the prognostic value of tumour size in the advanced disease setting for other malignancies, there is little known about the association between radiographic tumour burden and survival in patients with advanced NSCLC. We therefore analysed the association between the Response Evaluation Criteria in Solid Tumors (RECIST) baseline sum longest diameter (BSLD) and clinical outcomes in a recent phase 3 Eastern Cooperative Oncology Group (ECOG) trial for advanced NSCLC, E4599.

Materials and methods
=====================

Patient clinical and disease data were derived from the E4599 trial of paclitaxel-carboplatin±bevacizumab for advanced nonsquamous NSCLC ([@bib22]). The E4599 trial is the most recent completed and published phase III ECOG trial in advanced NSCLC and, to date, the only published phase III ECOG trial in this population to employ RECIST to assess response.

The key eligibility criteria for the E4599 trial included the following: histologically or cytologically confirmed newly diagnosed stage IIIB (malignant effusion) or stage IV or recurrent NSCLC (AJCC v 6 staging); measurable or nonmeasurable disease by RECIST; performance status ECOG 0-1; adequate haematologic, hepatic, and renal functions. Principal exclusion criteria included the following: predominantly squamous cell histology; gross hemoptysis (defined as ⩾half teaspoon bright-red blood); central nervous system metastases; history of documented haemorrhagic diathesis or coagulopathy; therapeutic anticoagulation; regular use of aspirin (\>325 mg per day), non-steroidal anti-inflammatory agents or other drugs inhibiting platelet function; radiation therapy within 21 days before enrollment or major surgery within 28 days before enrollment; clinically significant cardiovascular disease (symptomatic congestive heart failure, unstable angina pectoris or cardiac arrhythmia); and medically uncontrolled hypertension (\>150/100).

In E4599, eligible patients were stratified by measurable *vs* nonmeasurable disease, prior radiation therapy *vs* no prior radiation therapy, prior weight loss of \<5% *vs* ⩾5%, and stage IIIB (malignant effusion) *vs* stage IV/recurrent disease. Patients were randomly assigned to receive paclitaxel-carboplatin (PC) or becavizumab-paclitaxel-carboplatin (BPC) until disease progression, treatment intolerance or a maximum of six cycles. Patients in the BPC arm who completed six cycles of combination therapy then received bevacizumab monotherapy every 3 weeks until disease progression or treatment intolerance.

For the present study, number and size of target lesions were obtained from E4599 RECIST forms. Radiographic images and radiology reports were not evaluated. There was no central radiology review in E4599. The BSLD was dichotomised at the median value and also categorised by quartile. Sites of disease were recorded from E4599 RECIST forms.

Baseline patient demographics, disease characteristics and response were compared using the Fisher\'s exact test. OS was defined as time interval in months from randomisation to death from any cause. PFS was defined as the time interval in months from randomisation to documented progression or death, whichever occurred first. Patients not experiencing an event were censored at the last date of follow-up for OS and the last date of disease assessment for PFS. Time-to-event distributions were estimated using the Kaplan--Meier method, and their comparisons were made using the log-rank test.

Multivariable Cox proportional hazards models were used to estimate hazard ratios (HRs) for OS using backward stepwise regression with *P*=0.2 as the model entry criteria. All *P*-values are two-sided, CIs are at the 95% level and no adjustments were made for multiple comparisons.

Results
=======

Among 850 total patients enrolled in the E4599 trial, 759 (89%) had baseline measurable disease by RECIST and were included in this analysis. Seventy-six percent of these patients were aged \<70 years, 45% were female and 86% were white. Additional baseline patient characteristics are listed in [Table 1](#tbl1){ref-type="table"}.

The median BSLD was 7.5 cm. Range of BSLD was 1.0--80.1 cm. Interquartile range (IQR) was 4.5--11.7 cm. Notably, treatment assignment was well balanced within BSLD categories. Among patients with BSLD of ⩽7.5 cm, 52% were assigned to PC and 48% to BPC. Among patients with BSLD \>7.5 cm, 50% were assigned to PC and 50% to BPC. Baseline characteristics and sites of disease (as recorded on study RECIST forms) according to BSLD (dichotomised at median value) are listed in [Table 2](#tbl2){ref-type="table"}. Numerically, age, gender, race and performance status appeared to be balanced between BSLD categories. Compared with patients with BSLD ⩽7.5 cm, those with BSLD \>7.5 cm were more likely to have stage IV/recurrent disease and less likely to have adenocarcinoma histology. Numerically, compared with patients with BSLD ⩽7.5 cm, patients with BSLD \>7.5 cm were more likely to have contralateral lung, hilar and mediastinal lymph nodes, liver, and adrenal lesions but less likely to have pleural or bone disease.

In the overall E4599 study population, median OS was 12.3 months in the BPC arm *vs* 10.3 months in the PC arm (HR for death 0.79; *P*=0.003). Median PFS was 6.2 months in the BPC arm *vs* 4.5 months in the PC arm (HR for disease progression 0.66; *P*\<0.001). Response rates were 35% (BPC) and 15% (PC) (*P*\<0.001) ([@bib22]). In the current analysis, the median follow-up on patients who were still alive was 23 months. The number of patients remaining in the OS risk set at 12, 24 and 36 months were 345, 55 and 9 patients, respectively. The number of patients remaining in the PFS risk set at 6, 12 and 24 months were 303, 77 and 12 patients, respectively.

In univariate Cox models, using a BSLD cutoff value of 7.5 cm (the median for the study population), BSLD was associated with OS ([Figure 1A](#fig1){ref-type="fig"}). For patients with BSLD ⩽7.5 cm, median OS was 12.6 months (95% confidence interval (CI), 11.3--14.3 months) *vs* 9.5 months (95% CI, 8.7--11.0 months) for patients with BSLD \>7.5 cm (HR 1.41; *P*\<0.001). When categorised according to quartile, BSLD remained associated with OS: median OS 13.3 months (95% CI, 11.9--16.0 months) for ⩽4.5 cm, 11.5 months (95% CI, 10.0--13.5 months) for \>4.5 and ⩽7.5 cm, 11.6 months (95% CI, 9.5--13.2 months) for \>7.5 and ⩽11.7 cm, and 8.3 months (95% CI, 7.0--10.3 months) for \>11.7 cm (*P*\<0.001) ([Figure 1B](#fig1){ref-type="fig"}). Patients in both groups benefited from the addition of bevacizumab to chemotherapy ([Figure 1C](#fig1){ref-type="fig"}). For patients with BSLD ⩽7.5 cm, median OS was 11.5 months (95% CI, 10.3--13.2 months) in the PC arm *vs* 14.1 months (95% CI, 11.9--17.4 months) in the BPC arm (HR 0.81; 95% CI, 0.64--1.02; *P*=0.08). For patients with BSLD \>7.5 cm, median OS was 8.5 months (95% CI, 7.7--10.7 months) in the PC arm *vs* 10.7 months (95% CI, 9.2--12.4 months) in the BPC arm (HR 0.85; 95% CI, 0.68--1.06; *P*=0.15).

There was an association between BSLD and PFS nearing statistical significance ([Figure 2A](#fig2){ref-type="fig"}). For patients with BSLD ⩽7.5 cm, median PFS was 5.3 months (95% CI, 4.7--5.7 months) *vs* 5.1 months (95% CI, 4.6--5.6 months) for patients with BSLD \>7.5 cm (HR 1.14; *P*=0.08). PFS according to BSLD and treatment group is shown in [Figure 2B](#fig2){ref-type="fig"}. For patients with BSLD ⩽7.5 cm, median PFS was 4.4 months (95% CI, 4.0--5.3 months) in the PC arm *vs* 6.2 months (95% CI, 5.5--6.8 months) in the BPC arm (HR 0.70; 95% CI, 0.57--0.87; *P*=0.001). For patients with BSLD \>7.5 cm, median PFS was 4.5 months (95% CI, 3.7--5.0 months) in the PC arm *vs* 5.9 months (95% CI, 5.4--6.4 months) in the BPC arm (HR 0.69; 95% CI, 0.56--0.86; *P*=0.001).

There was no association between BSLD and response rates. In the PC arm, response rate was 15% for BSLD ⩽7.5 cm and 15% for BSLD \>7.5 cm (*P*=0.89). In the BPC arm, response rate was 33% for BSLD ⩽7.5 cm and 37% for BSLD \>7.5 cm (*P*=0.51).

We generated a multivariable model including numerous clinicopathologic factors that are considered prognostic in advanced NSCLC. The final model included treatment group, sex, ECOG performance status, weight loss (characterised as ⩾5% or not, as in the E4599 trial), recurrent disease, presence of bone metastases, presence of liver metastases, presence of adrenal metastases, treatment-by-sex interaction and BSLD (all of which were significant at the 0.05 level). In this model, BSLD remained significantly associated with OS. For BSLD \>7.5 cm, the HR for death (compared with those having BSLD ⩽7.5 cm) was 1.24 (95% CI, 1.05--1.47; *P*=0.01). In the multivariable model, BSLD was also associated with OS when considered as a continuous variable: HR 1.03; *P*\<0.001.

Discussion
==========

The prognostic significance of radiographic tumour burden has been evaluated extensively in early-stage and locally advanced NSCLC, as well as in the advanced disease setting for other malignancies. However, this clinical parameter has been studied only to a limited degree in advanced NSCLC ([@bib31]). To our knowledge, the present study is the first to analyse the association between radiographic tumour burden, patient and disease characteristics, and numerous clinical outcomes in this population. In this series of 759 patients with measurable disease by RECIST treated in the E4599 phase 3 trial of PC *vs* BPC, we found that tumour size, characterised according to RECIST BSLD, was significantly associated with OS, had a trend towards association with PFS but was not associated with response rate. Specifically, patients with BSLD ⩽7.5 cm (the median value in the study population) had a median OS more than 3 months longer than patients with BSLD \>7.5 cm. These findings were observed in both the PC and the BPC treatment groups. As might be expected, patients with longer BSLD were more likely to have recorded lesions in regional lymph nodes, liver and adrenal gland. They were also more likely to have stage IV/recurrent compared with stage IIIB (malignant effusion) disease. Nevertheless, when controlling for multiple prognostic variables, including the presence and sites of extrathoracic disease, a significant association between BSLD and OS was maintained (*P*=0.01).

Similar findings have been reported in numerous malignancies. In advanced nasopharyngeal carcinoma, clinical tumour volume (calculated by image reconstruction using the product of tumour area and slice thickness on axial CT scan) has been correlated with local control, metastasis-free rate and survival ([@bib13]). In advanced gastric cancer, large primary tumour size is an independent risk factor for survival ([@bib16]). In lung cancer, a recent variation of these observations can be found in studies of tumour metabolic activity. A number of studies have demonstrated an independent association between FDG-PET metabolic tumour volume (at the level of the primary tumour, nodal metastases, distant metastases, and total body disease) and OS, even after controlling for other prognostic criteria, such as stage, performance status and age ([@bib15], [@bib14]; [@bib17]).

The present study adds to an earlier analysis of tumour size and survival in advanced NSCLC, in which baseline and change in tumour size were analysed as predictors of survival in four NSCLC registration trials ([@bib31]). We expand on these findings by investigating other efficacy end points (response rate and PFS), assessing multiple clinical and disease characteristics and incorporating numerous prognostic factors in a multivariable model.

The use of RECIST tumour dimensions, rather than direct measurements from radiographic studies, distinguishes the current study from most other reports. As the case for any treatment response guideline, RECIST inherently modifies the clinical and radiographic extent of disease. Following RECIST 1.0 (the version used in the E4599 trial), patients can have a maximum of five target lesions per organ and ten target lesions in total ([@bib27]). To be designated as a target lesion, a lesion must meet the criteria to be considered measurable, which are as follows: ⩾10 mm in longest diameter (with spiral CT) or ⩾20 mm in longest diameter (with conventional techniques). Several radiographic manifestations of cancer are considered nonmeasurable, including bone lesions, leptomeningeal disease, ascites, pleural/pericardial effusions, cystic lesions and previously radiated lesions (unless there is evidence of post-treatment radiographic progression or a post-radiation biopsy confirms viable malignancy).

Despite these restrictions, RECIST has been shown to be reproducible and to correlate with other clinical end points in advanced NSCLC. Furthermore, RECIST data in our population are consistent with those reported in other studies. In an analysis of 32 North Central Cancer Treatment Group (NCCTG) trials encompassing 2374 total patients, the median number of target lesions recorded was two ([@bib10]) -- identical to the median number of target lesions in the current study. One lesion at baseline was reported in 49% of patients, two lesions in 28% of patients, three lesions in 12% of patients, four lesions in 6% of patients and five lesions in 5% of patients. The use of the two largest lesions provided a high degree of concordance with the use of all reported lesions for the end points of response rate and time to progression. [@bib6] evaluated intra- and inter-observer variability in the unidimensional measurements of 40 lung tumours in 33 patients. In general, there was close agreement. Across five readers, recorded tumour sizes ranged from 1.0 to 9.0 cm. The measurement of the smallest recorded tumour varied by 0.5 cm, whereas the measurement of the largest recorded tumour varied by 1.2 cm. It has also been demonstrated that the accuracy of measuring pulmonary lesions does not significantly differ according to medical specialty (radiology, thoracic surgery, radiation oncology, pulmonary and medical oncology), familiarity with lesion measurement or years since medical degree ([@bib9]).

The biological explanation for our results is not clear. A number of preclinical observations link increasing tumour size with therapeutic resistance. As tumours grow, the proportion of cells resistant to chemotherapy increases ([@bib7] hypothesis). Larger cancers may also have relatively poor blood supply and more pronounced gradients in interstitial pressure, hypoxia and acidity, which may influence tumour-cell sensitivity to therapy ([@bib24]) ([@bib12]; [@bib28]). Additionally, as the distance from blood supply increases, tumour-cell proliferation rates decrease, thereby diminishing the response to cytotoxic agents ([@bib11]). However, the lack of association between tumour dimensions and radiographic response rate in the present study appears to refute these hypotheses. It is possible that the lack of association between BSLD and response rate may in part reflect how this efficacy parameter is calculated; as a percentage change, response rate is intended to normalise the differing baseline tumour sizes. Additionally, in the present study, tumour dimensions may be more closely associated with therapeutic *resistance* than with therapeutic *sensitivity,* as there was a near-significant association between BSLD and PFS.

This study has a number of limitations. The study population is restricted to patients meeting eligibility criteria for E4599 and thus does not include individuals with squamous histology or brain metastases. Although reproducibility of target lesion measurements has been studied extensively, the nature and variability of RECIST target lesion *selection* have not been well described; hence, it is not clear to what extent RECIST BSLD is reproducible. BSLD does not account for non-target sites of disease, such as malignant effusions, which may be associated with decreased survival in advanced NSCLC ([@bib19]). Importantly, in the present study, BSLD data came from clinical-trial RECIST forms. We did not evaluate radiographic images or radiology reports, and there was no central radiology review in the original clinical trial. Whereas these study characteristics may introduce variability into the present analysis, they also suggest that our findings may be applicable to other real-world clinical scenarios. Finally, tumour measurement guidelines are subject to change over time. Already, RECIST 1.1 has been incorporated into clinical trials. This version differs from its predecessor by the number of target lesions permitted (five maximum total; two maximum per organ), lymph node assessment (must be \>1.5 cm in short axis to be considered measurable), and allowance of cystic lesions and lytic bone lesions with soft tissue components as target lesions ([@bib5]). The relatively small proportion of our study population with more than five target lesions (7% of patients) suggests that our findings would likely persist using the revised RECIST system. Additionally, our selected BSLD cutpoints require validation in other cohorts. Nevertheless, this study demonstrates a consistent association between this parameter and clinical outcomes -- whether the data are analysed as a single cohort or according to treatment groups; whether the population is divided into two or four categories; and whether the outcome of interest is OS or PFS. Furthermore, the differences noted are clinically meaningful, with a 5-month difference in the median survival between the lowest and the highest BSLD quartiles.

In summary, this study demonstrates an association between radiographic tumour burden -- defined by RECIST BSLD -- and clinical outcomes in advanced NSCLC. We found that this metric had a near-significant association with PFS and a statistically and clinically significant association with OS. This association persists across various treatments, using various cutpoints, and when controlling for other prognostic patient and disease characteristics, including presence and sites of extrathoracic disease. If confirmed in other advanced NSCLC populations, these findings merit consideration in the stratification of patients for clinical trials and may provide important prognostic information to patients and clinicians.
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![**Association between overall survival and RECIST BSLD.** (**A**) BSLD dichotomised at median value. (**B**) BSLD categorised by quartile. (**C**) Dichotomised BSLD and treatment group. Abbreviations: BPC, bevacizumab-paclitaxel-carboplatin; BSLD, baseline sum longest diameter; PC, paclitaxel-carboplatin; RECIST, response evaluation criteria in solid tumours.](bjc2013472f1){#fig1}

![**Association between progression-free survival and RECIST BSLD.** (**A**) BSLD dichotomised at median value. (**B**) Dichotomised BSLD and treatment group. BPC, bevacizumab-paclitaxel-carboplatin; Abbreviations: BSLD, baseline sum longest diameter; PC, paclitaxel-carboplatin; RECIST, response evaluation criteria in solid tumours.](bjc2013472f2){#fig2}

###### Baseline characteristics of 759 patients with measurable disease in E4599 (of 850 total patients, 89%)

  **Characteristic**                                       **Number (%)**
  -------------------------------------------------------- ----------------
  **Sex**                                                  
  Female                                                   341 (45)
  Male                                                     418 (55)
  **Age (years)**                                          
  \<70                                                     579 (76)
  ⩾70                                                      180 (24)
  **Race**                                                 
  White                                                    656 (86)
  Black                                                    39 (5)
  Other                                                    64 (8)
  **Stage**                                                
  IIIB (malignant effusion)                                79 (10)
  IV/recurrent                                             680 (90)
  **ECOG performance status[a](#t1-fn2){ref-type="fn"}**   
  0                                                        304 (40)
  1                                                        451 (60)
  **Histology[b](#t1-fn3){ref-type="fn"}**                 
  Adenocarcinoma                                           514 (68)
  Other                                                    243 (32)

Abbreviation: ECOG=Eastern Cooperative Oncology Group.

ECOG performance status was not available for four patients.

Histology was not available for two patients.

###### Baseline characteristics and sites of disease according to BSLD

  **Variable**                        **BSLD ⩽7.5 cm** ***n*** **(%)**   **BSLD \>7.5 cm** ***n*** **(%)**
  ----------------------------------- ---------------------------------- -----------------------------------
  **Sex**                                                                
  Female                              179 (47)                           162 (43)
  Male                                204 (53)                           214 (57)
  **Age (years)**                                                        
  \<70                                300 (78)                           279 (74)
  ⩾70                                 83 (22)                            97 (26)
  **Race**                                                               
  White                               329 (86)                           327 (87)
  Black                               15 (4)                             24 (6)
  Other                               39 (10)                            25 (7)
  **Stage**                                                              
  IIIB (malignant effusion)           59 (15)                            20 (5)
  IV/Recurrent                        324 (85)                           356 (95)
  **ECOG performance status**                                            
  0                                   152 (40)                           152 (41)
  1                                   228 (60)                           223 (59)
  **Histology**                                                          
  Adenocarcinoma                      277 (73)                           237 (63)
  Other                               105 (27)                           138 (37)
  **Ipsilateral lung**                                                   
  Yes                                 163 (43)                           185 (49)
  No                                  220 (57)                           191 (51)
  **Contralateral lung**                                                 
  Yes                                 110 (29)                           148 (39)
  No                                  273 (71)                           228 (61)
  **Hilar nodes**                                                        
  Yes                                 131 (34)                           185 (49)
  No                                  252 (66)                           191 (51)
  **Mediastinal nodes**                                                  
  Yes                                 176 (46)                           237 (63)
  No                                  207 (54)                           139 (37)
  **Supraclavicular/scalene nodes**                                      
  Yes                                 24 (6)                             45 (12)
  No                                  359 (94)                           331(88)
  **Pleura**                                                             
  Yes                                 107 (28)                           83 (22)
  No                                  276 (72)                           293 (78)
  **Bone**                                                               
  Yes                                 130 (34)                           106 (28)
  No                                  253 (66)                           270 (72)
  **Liver**                                                              
  Yes                                 47 (12)                            104 (28)
  No                                  336 (88)                           272 (72)
  **Adrenal**                                                            
  Yes                                 45 (12)                            76 (20)
  No                                  338 (88)                           300 (80)

Abbreviations: BSLD=baseline sum longest diameter; ECOG=Eastern Cooperative Oncology Group.
